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Monocyte adherence results in the rapid transcriptional activation and mRNA stabilization of numerous
mediators of inflammation and tissue repair. While the enhancer and promoter elements associated with
transcriptional activation have been studied, mechanisms linking adhesion, mRNA stabilization, and trans-
lation are unknown. GROa and interleukin-1b (IL-1b) mRNAs are highly labile in nonadhered monocytes but
stabilize rapidly after adherence. GROa and IL-1b transcripts both contain A1U-rich elements (AREs) in the
3* untranslated region (UTR) which have been directly associated with rapid mRNA turnover. To determine
if the GROa ARE region was recognized by factors associated with mRNA degradation, we carried out mobility
gel shift analyses using a series of RNA probes encompassing the entire GROa transcript. Stable complexes
were formed only with the proximal 3* UTR which contained the ARE region. The two slower-moving complexes
were rapidly depleted following monocyte adherence but not direct integrin engagement. Deadherence reacti-
vated the two largest ARE-binding complexes and destabilized IL-1b transcripts. Antibody supershift studies
demonstrated that both of these ARE RNA-binding complexes contained AUF1. The formation of these
complexes and the accelerated mRNA turnover are phosphorylation-dependent events, as both are induced in
adherent monocytes by the tyrosine kinase inhibitor genistein and the p38 MAP kinase inhibitor of IL-1b
translation, SK&F 86002. These results demonstrate that cell adhesion and deadhesion rapidly and reversibly
modify both cytokine mRNA stability and the RNA-binding complexes associated with AUF1.
Monocyte adhesion results in a generalized and rapid acti-
vation of transcription factors leading to the elevated transcrip-
tion of numerous cytokines and defense products such as in-
terleukin-1b (IL-1b), tumor necrosis factor alpha (TNF-a),
IL-8, and GROa, GROb, and GROg (15, 20, 21, 30, 42). A
striking feature is the almost total lack of corresponding trans-
lation of the induced transcripts in the absence of a second
signal (15, 20). Presently, there is little understanding of the
posttranscriptional control of these critical mediators of in-
flammation and tissue repair. As rapid gene induction may
occur in monocytes through events independent of de novo
transcription (30), it is critical to investigate the mechanisms of
posttranscriptional regulation. In addition, in view of the link-
age between mRNA turnover and translational activity (for
reviews, see references 3 and 37), it is apparent that the key
participants in cytokine induction and release need to be iden-
tified.
The mRNAs that encode many cytokines, oncoproteins, and
growth factors are highly labile and therefore transiently ex-
pressed in response to extracellular stimuli (10, 11, 17, 18, 37,
40, 41). Such short but regulatable half-lives, in conjunction
with changes in transcription rates, allow these mRNAs to be
produced in a transient burst or reach a new steady-state level
very rapidly. Many short-lived mRNA species contain A1U-
rich elements (AREs) within their 39 untranslated region
(UTR) (10). These AREs appear to be key determinants in
regulating transcript stability (37, 49). The addition of an ARE
to normally stable mRNAs such as b-globin renders them
unstable (40), and the deletion of these sequences from onco-
gene mRNAs such as c-fos or c-myc results in stabilization (1,
31). Studies employing mutagenic analysis of the ARE se-
quence have demonstrated that the minimal functional motif is
UUAUUUAUU (53) or UUAUUUA(U/A)(U/A) (26) and is
sufficient to destabilize a chimeric mRNA (26). This motif is
believed to be the binding site of specific proteins which mod-
ulate mRNA stability.
Several distinct proteins are known to bind to AREs. While
the activities of some correlate with mRNA destabilization (5,
6), the activities of others correlate with mRNA stability (17,
36). One of the best-characterized ARE-binding proteins is
AUF1 (6, 14, 16, 35, 47, 52). AUF1 purified from cytoplasmic
extracts of K562 human erythroleukemia cells consists of 37-
and 40-kDa isoforms. AUF1 is apparently complexed to other
proteins, several of which are phosphoproteins (52). Genomic
and cDNA cloning experiments with AUF1 produced clones
encoding the various isoforms (16, 47, 52). The cDNA se-
quences predict polypeptides with two distinct RNA recogni-
tion motifs (8) and a C-terminal glutamine-rich region com-
mon to each (16). Several lines of evidence support the
hypothesis that AUF1 targets an ARE-containing mRNA for
decay in vivo. (i) Induced cells that display increased turnover
of some ARE-containing mRNAs have concomitantly higher
levels of AUF1 (35). (ii) By contrast, cells with reduced ex-
pression of p37 and p40 degrade ARE-containing mRNAs,
such as granulocyte-macrophage colony-stimulating factor
(GM-CSF) mRNA, at a concomitantly lower rate (9). (iii)
ARE-binding affinity of AUF1 in vitro is proportional to the
potency of the ARE as an mRNA destabilizer in vivo, and
mutations in an ARE that ablate mRNA turnover in vivo also
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lower the in vitro RNA-binding affinity of AUF1 for the mu-
tated ARE (14).
To investigate processes which regulate gene expression at
the level of transcript stability, we have used human peripheral
blood monocytes as a unique model in which both transcrip-
tional activation and transcript stabilization are robust re-
sponses to cellular adhesion and spreading (30, 32). Monocytes
move in the bloodstream as nonadherent cells, but during a
response to tissue damage and inflammation, they become
adherent to the capillary endothelium prior to extravazation
into the tissues (2, 43). We have shown previously that mono-
cyte adherence results in activation of multiple transcription
factors within 5 to 10 min of adhesion, resulting in increased
transcription of select cytokine genes and a time-dependent
accumulation of the mRNAs (30). Induction may occur either
through direct integrin engagement in suspension or as a result
of integrin-dependent adhesion (51). Although integrin en-
gagement is associated with transcriptional activation, mono-
cytes in suspension efficiently translate the new transcripts and
correspondingly destabilize these mRNAs (51). By contrast,
adherent cells accumulate stable transcripts which fail to be
translated (20, 30).
In this work we have utilized RNA gel shift assays to deter-
mine the specific factor(s) which might be associated with
GRO and IL-1b mRNA degradation. We have identified
GROa ARE-binding complexes in nonadhered monocytes and
demonstrated that these complexes are lost in parallel with
mRNA stabilization following monocyte adherence. Deadher-
ence of monocytes induces both reactivation of the ARE-
binding activity and subsequent destabilization of GRO tran-
scripts. The predominant protein binding to the GROa ARE is
AUF1, which, as was shown previously, selectively recognizes
AREs and facilitates c-myc mRNA degradation in vitro (6).
Both ARE-binding function and accelerated mRNA turnover
are upregulated by the tyrosine kinase inhibitor genistein as
well as the p38 MAP kinase inhibitor of IL-1b translation,
SK&F 86002. Taken together, these data suggest that inacti-
vation of the complex containing AUF1 protein is a key mech-
anism in adhesion-dependent regulation of GRO and IL-1b
transcript stabilization.
MATERIALS AND METHODS
Isolation of monocytes. Human monocytes were isolated from randomly se-
lected healthy donors as previously described (30, 51). Whole blood was diluted
1:2 in endotoxin-free RPMI 1640 medium and centrifuged through Ficoll/His-
topaque 1077 (Sigma). The buffy coat cells were collected and washed with sterile
isotonic saline to remove platelets. Monocytes were isolated from the rest of the
buffy coat cells by centrifugation through Percoll (Pharmacia) gradient (45),
washed in sterile saline, counted, and then used at 5 3 106 to 10 3 106 cells per
treatment group. This isolation procedure does not result in monocyte activation
(51). Each experiment used the monocytes isolated from one random donor.
Culture conditions. Monocytes were cultured in endotoxin-free RPMI 1640
medium at 37°C and 5% CO2 either adherently, on polystyrene tissue culture
dishes (Corning), or nonadherently, in polypropylene tubes (Fisher Scientific),
with constant rocking for 1 to 4 h, with or without monoclonal antibody TS2/16
(anti-b1 integrin subunit) (1 mg/ml) depending on the experiment. Substratum-
coated dishes were prepared by incubation with 20 mg of fibronectin or collagen
per ml in phosphate-buffered saline in tissue culture dishes at 4°C overnight.
Human fibronectin was from Collaborative Biomedical Products, and collagen
type IV was from Sigma. The dishes were blocked with 0.1% bovine serum
albumin and washed with phosphate-buffered saline prior to use. For the studies
of mRNA stability, actinomycin D (5 mg/ml), from Boehringer Mannheim Bio-
chemicals, was added to the medium to prevent synthesis of new mRNA. Mono-
cytes were continuously incubated with actinomycin D for the times indicated
prior to collection of the cells and isolation of the RNA for Northern analysis.
For studies of the effect of kinase inhibitors, monocytes were preincubated
nonadherently with genistein (Calbiochem) or the SK&F 86002 kinase inhibitor
(a gift from John Lee, Smith Kline & French) for 20 min prior to adherence.
Genistein or SK&F 86002 was dissolved in dimethyl sulfoxide (DMSO) and
added to the medium to a final concentration of 0.1% of DMSO. DMSO (0.1%)
does not interfere with mRNA stability or the mobility shift activity (data not
shown).
RNA isolation and Northern blot analysis. Total RNA was isolated by the
guanidine isothiocyanate-cesium chloride method (12). mRNA levels were de-
termined by Northern blot analysis. Total RNA (2 to 5 mg per line) was elec-
trophoresed on a 1% denaturing agarose gel and then transferred to nitrocellu-
lose (Schleicher & Schuell) (38). Multiple blots were done from each
experiment, and all RNA levels were equivalent based on 18S and 28S rRNA
levels. Nitrocellulose blots were probed with 32P-labeled cDNA probes made
with a random-priming kit (Boehringer Mannheim). Hybridizations were incu-
bated overnight in a 50% (vol/vol) dimethylformamide solution at 42°C. Blots
were washed with detergent at a final stringency of 0.23 SSPE (13 SSPE 5 0.18
M NaCl, 10 mM phosphate [pH 7.4], 1 mM EDTA) at 56°C and then exposed to
Kodak XAR2 X-ray film (Eastman Kodak) with intensifier screens at 270°C.
Northern blots probed with cDNAs for any of the three GRO-encoding genes,
GROa, GROb, or GROg, cross-react to such an extent that selective identifica-
tion requires PCR approaches (21); monocytes predominantly express GROa, so
the hybridization data reflects GROa, but for accuracy it is labeled GRO.
Cell extract preparation. For mobility shift assays, cell extracts were prepared
from nonadhered or adhered human monocytes as described previously (6) by
lysis in 0.5 ml of buffer A (10 mM Tris-HCl [pH 7.6], 1 mM magnesium acetate
[Mg(OAc)2], 1.5 mM KOAc, 2 mM dithiothreitol, 0.4% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 1 mM 1,10-phenanthrolene, antipain (50 mg/ml),
leupeptin (1 mg/ml), pepstatin (1 mg/ml), bestatin (40 mg/ml), E64 (3 mg/ml),
chymostatin (100 mg/ml), and 10% glycerol). Each treatment group utilized
equivalent cell numbers, 5 3 106 or 10 3 106 cells. Extracts were clarified by
centrifugation (S20 postnuclear fraction). Alternatively, a cytosol S130 fraction
was prepared as described previously (7). Both isolation methods gave the same
results in gel shift assays (data not shown). In the present study, S20 extracts were
used for all experiments. Supernatants were collected and snap frozen on dry ice
before storage at 270°C. Protein concentrations were determined by the bicin-
choninic acid method (Pierce).
Construction of plasmids and in vitro transcription. The BamHI-PvuII frag-
ment of GROa, containing the GROa ARE, was cloned into BamHI-EcoRV-
digested plasmid pcDNA1 such that transcription with SP6 RNA polymerase
yielded sense RNA. The resulting plasmid p39GRO was linearized with BamHI
for the sense probe (BamHI 320 nt) or XmnI for the antisense RNA probe. In
vitro transcription reactions were performed with SP6 or T7 RNA polymerase
(Promega), respectively. The BamHI 320 nt probe was used in all of the gel shift
experiments unless otherwise noted. A control open reading frame (ORF) RNA
probe (460 nucleotides [nt]) was made by using T7 RNA polymerase and PvuII-
digested plasmid pcDNA1 GROa. The fragments of b-globin and b-globin plus
(AUUU)5 RNA, used for competition experiments, were made by in vitro tran-
scription of plasmids pa19Rb and pa19Rb1AT35 linearized with SalI (40, 52).
To determine if additional binding domains existed, RNA substrates were pre-
pared as follows (see Fig. 4). A shorter, 240-nt probe containing the ARE was
prepared by digesting the p39GRO plasmid with HmnI and in vitro transcribed
with SP6 RNA polymerase. The proximal end of the 39 UTR which did not
contain an ARE was constructed by subcloning the HincII-XbaI fragment of
GROa into the EcoRI-XbaI site of pcDNA1. The resulting plasmid pGROEND
was linearized with XbaI and transcribed with T7 RNA polymerase. To compare
binding characteristics of GROa and IL-1b ARE domains, the AccI-XhoI frag-
ment of the IL-1b 39 UTR was subcloned into the EcoRV-XhoI site of pcDNA1.
Following linearization of the plasmid with XhoI, a 500-nt ARE RNA probe was
prepared by in vitro transcription with T7 RNA polymerase.
Binding reaction and RNA mobility shift assays. Protein extracts (0.05 to 2 mg)
were incubated for 15 min at room temperature with in vitro-transcribed
[32P]CTP-labeled RNA probes (2 3 105 cpm per reaction) in a final volume of
20 ml containing 10 mM Tris-HCl (pH 7.5), 2 mM dithiothreitiol, 100 mM KOAc,
5 mM Mg(OAc)2, 0.1 mM spermine, RNasin (15 U per reaction; Promega), poly
(C) (1 mg/ml), and heparin sulfate (100 mg per reaction). For competition
experiments, unlabeled competitor RNAs were added simultaneously with 32P-
labeled probe. Binding mixtures were then loaded onto nondenaturing 5% poly-
acrylamide gels containing 5% glycerol in 0.253 Tris-borate-EDTA buffer. After
electrophoresis at 200 V and 4°C, gels were dried on Whatman paper and
exposed to Kodak XAR film at 270°C.
RESULTS
Monocyte adherence results in stabilization of the GRO and
IL-1b mRNA transcripts. To investigate how monocyte adhe-
sion affects transcript stabilization, we used adherence to tissue
culture plastic or to immobilized extracellular matrix (ECM)
proteins as a model for adhesive events. Data presented in Fig.
1A and B indicate that in uninduced nonadherent monocytes,
mRNAs for GRO and IL-1b displayed short half-lives (less
than 30 min). However, monocyte adherence results in both
increased levels of expression and rapid stabilization of the
GRO and IL-1b transcripts (half-life of more than 10 h). By
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comparison, the mRNA half-life for another transcript, that of
c-fos, was not changed, indicating selectivity in adhesion-de-
pendent transcript stabilization. Adherence of monocytes to
the immobilized ECM component collagen (Fig. 1C) or to
fibronectin (data not shown) also stabilized GRO and IL-1b
mRNAs in the same pattern as adherence to plastic.
Transcript stabilization is a rapid and prolonged conse-
quence of adhesion. We have investigated the time course of
adhesion-induced GRO and IL-1b mRNA stabilization.
Monocytes were adhered for various times and then exposed to
actinomycin D (5 mg/ml) for incremental times prior to harvest
of monocytes for RNA isolation and Northern analysis. Data
from two different monocyte donors, presented in Fig. 2, indi-
cate that stabilization of GRO and IL-1b transcripts occurs
within 10 min of adherence. Stabilization is not a transient
event, as transcripts are still stable after 2 h of adherence. By
contrast, the constitutive transcripts found in nonadhered con-
trol monocytes were very unstable, with a half-life of approx-
imately 30 min.
Identification of an adhesion-dependent GROa ARE-bind-
ing activity. GROa and IL-1b mRNAs each contain an ARE
within their 39 UTR. In order to establish the mechanism by
which monocyte adherence regulates stabilization of tran-
scripts, we wanted first to identify specific factors capable of
recognizing AREs and then to determine if alterations in bind-
ing occurred with adherence.
Mobility shift assays employing cytosolic extracts of nonad-
hered and adhered monocytes were performed to identify the
protein(s) that recognizes the 320-nt fragment of the 39 UTR
of GROa which contains the ARE consensus sequence AUU
UAUUUAUUUAUU (21). These experiments resolved three
RNA-protein complexes by using extracts from nonadhered
monocytes (Fig. 3). The relative proportions of the two slow-
est-migrating complexes (a and b) varied from donor to donor.
Adhesion resulted in the loss of the lowest mobility complex,
complex a, a marked decrease in complex b, and an increase in
complex c and free probe.
To determine the rapidity with which changes in binding
activity could be detected, incremental time frames postadhe-
sion were examined in two experiments with different mono-
cyte donors. Results presented in Fig. 3 indicate that the
changes in complex formation occurred within 15 min of ad-
hesion (donor 1), indicating that this event occurred in the
same time frame as transcript stabilization (Fig. 2). In addition,
binding activity was modulated for at least 24 h in adhered cells
(Fig. 3, donor 2).
Stable protein-RNA complexes are only formed with the 3*
UTR ARE sequence of GROa. In order to determine if stable
protein-RNA complexes could be detected with other regions
of the GROa transcript, RNA fragments were prepared from
different regions of the mRNA. These included the ORF, a
240-nt fragment of the 39 UTR region which partially overlaps
with the 320-nt ARE probe and contains the ARE, and the
most proximal 150-nt 39 UTR region. As can be seen in Fig. 4,
stable complexes were only detected with GROa RNA probes
that contained the ARE domain. Two of the three complexes
detected with the 320-nt ARE fragment were also observed
with the shorter 240-nt ARE fragment. We have utilized the
320-nt ARE probe in all of the studies described below as it
reproducibly detected the most protein-RNA complexes.
Binding to the GROa ARE is specific for the A1U-rich
sequence. Additional studies were performed to examine the
specificity of the three protein-RNA complexes observed in
Fig. 3. Addition of a specific competitor (unlabeled ARE frag-
ment of GROa) resulted in a concentration-dependent reduc-
tion in formation of the largest complexes (a and b) (Fig. 5).
Formation of complex c was also inhibited by the specific probe
but required a higher concentration of the unlabeled compet-
itor. The data indicate that all three components share some
recognition of the GROa ARE probe. Addition of the same
molar excess of the nonspecific competitor (ORF fragment of
GROa) had no effect on complex formation.
To examine whether the RNA-binding specificity depends
on an A1U-rich sequence, a synthetic A1U-containing RNA
fragment, (AUUU)5, cloned into the b-globin 39 UTR (40) was
tested for its ability to compete for binding to the 39 GROa
ARE probe. The consensus A1U-rich fragment appears to be
a strong competitor of complexes a and b, with a ratio of 4:1
required for 50% reduction in binding (Fig. 5B), while the
control fragment (the b-globin RNA fragment less the A1U
sequence) had very little effect. The higher-mobility complex c,
was also inhibited but required at least a 20:1 ratio of probe for
50% inhibition, indicating a lower-affinity interaction. Thus,
the RNA recognition complexes, which are modulated follow-
ing adherence, bind specifically to the consensus A1U se-
quence present in GROa.
Because the stabilization of GRO and IL-1b occurred with
similar kinetics and both mRNAs contain similar ARE motifs,
FIG. 1. Monocyte adherence results in stabilization of the GRO and IL-1b
mRNA transcripts. (A) Freshly isolated human monocytes were cultured non-
adherently (Nonadh) or adherently (Adh) on plastic. After 30 min, the monocyte
cultures were treated with actinomycin D (5 mg/ml) for the times indicated prior
to collection of the cells and isolation of the RNA for Northern analysis. (B) The
amount of hybridization was quantitated by PhosphorImager analysis and results
are presented graphically for GRO and IL-1b mRNA. Northern blots probed
with cDNAs for any of the three GRO-encoding genes, GROa, GROb, or
GROg, cross-react to such an extent that selective identification requires PCR
approaches (21); monocytes predominantly express GROa, so the hybridization
data reflects GROa, but for accuracy it is labeled GRO. (C) Monocytes were
cultured adherently on plastic or plates coated with collagen for 30 min. They
were then treated with actinomycin D (5 mg/ml) for the times indicated prior to
collection of the cells.
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we examined the ability of the IL-1b 39 UTR to block binding
of protein to the GROa probe. The IL-1b probe contains the
ARE consensus sequence UAUUUAUUUAUUUAUUUA.
As shown in Fig. 5B, the complete 39 UTR of IL-1b competed
complexes a and b as successfully as did the GROa ARE
probe, indicating specificity in binding of the monocyte com-
plexes for both GROa and IL-1b. Competition with complex c
required a higher concentration of the IL-1b 39 UTR frag-
ment. This result is similar to that observed with the GROa
ARE probe.
Continued adhesion is required for transcript stabilization.
To provide further support for the importance of adhesion-
dependent signaling in mRNA stabilization, we investigated if
disruption of monocyte adhesion would alter both ARE bind-
ing and GROa mRNA stability. Adhesion to collagen is suf-
ficiently gentle that vigorous pipetting can be employed to
remove adherent cells, while in contrast, adhesion to fibronec-
tin and plastic is difficult to reverse. In Fig. 6, data from two
different deadhesion experiments is presented. Cells were ad-
hered to collagen for 30 min (nonadherent cells were removed)
and then deadhered. While adhesion of monocytes to collagen
resulted in the loss of the lower-mobility complexes a and b,
deadherence of the cells led to the immediate reactivation of
binding activity. We also determined the mRNA half-life of
IL-1b after deadherence of monocytes from collagen (Fig.
6A). In contrast to that of the adhered monocytes, the half-life
of IL-1b mRNA from deadhered cells was reduced to that of
mRNA from the nonadhered control cells (Fig. 1). These re-
sults indicate that continued adherence is required to maintain
both transcript stability and the loss of the larger complexes
(complexes a and b).
ARE-binding activity and transcript stability are inversely
regulated by phosphorylation. We have shown that changes in
transcript stability and ARE-binding activity occur within 10 to
15 min of adherence. It is probable that such rapid alterations
in function are modulated by adhesion-dependent phosphory-
lation or dephosphorylation events. Therefore, we examined
FIG. 2. Transcript stabilization occurs within 10 min of adherence. Monocytes were cultured adherently on plastic for 10, 30, and 120 min, or nonadherently
(Nonadh) for 30 min. The cultures were treated with actinomycin D (5 mg/ml) for the times indicated prior to collection of the cells and isolation of the RNA for
Northern analysis. The amount of each mRNA was quantitated by PhosphorImager analysis.
FIG. 3. The low-mobility GROa ARE-RNA-protein complexes present in
nonadherent monocytes are rapidly lost after monocyte adherence. Freshly iso-
lated human monocytes were cultured nonadherently (Nonadh) or adherently
(Adh) on plastic for the times indicated (prime marks stand for minutes) prior to
collection of the cells and preparation of the cytosolic extracts. Mobility shift
assays were performed with 0.5 mg of each extract (see Materials and Methods).
The RNA-binding substrate was an SP6-derived 32P-labeled 39 BamHI 320 nt
fragment of human GROa mRNA which contains the AUUUAUUUAUUUA
sequence. The 32P-labeled fragment of the GROa ORF was used as a control
probe. The adherence-dependent low-mobility complexes are indicated as a and
b, while the common component is marked c. The first lane contains free probe
(2).
FIG. 4. Stable protein-RNA complexes form only with regions of GROa
containing the ARE. Four 32P-labeled RNA fragments were prepared from
different, overlapping parts of the GROa cDNA. Cytoplasmic extracts from
nonadherent (Nonadh) or 30-min adherent (Adh) monocytes were used. The
BamHI probe is the same as that used in the gels shown in Fig. 3. 2, free probe.
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the influence of two distinct classes of kinase inhibitors on both
mRNA stability and ARE-binding function. Genistein has pre-
viously been demonstrated to inhibit adhesion-induced IL-1b
mRNA expression (29). It therefore seemed likely that inhib-
iting tyrosine phosphorylation would interfere with transcript
stability. As shown in Fig. 7A, treatment of adherent mono-
cytes with 40 mM genistein lead to a marked destabilization of
IL-1b and GRO transcripts. We were also interested in deter-
mining if the SK&F 86002 pyridinyl-imidazole inhibitor, re-
ported to block IL-1b translation in human monocytes (28),
would also modulate mRNA stability. As shown in Fig. 7B, a
20 mM concentration of SK&F 86002 destabilized both IL-1b
and GRO mRNA. In a parallel study, we examined the ARE-
binding activity of adherent monocytes exposed to increasing
doses of either genistein or SK&F 86002. As indicated in Fig.
7C, we observed a restoration of the largest ARE-binding
complexes lost following adhesion which closely followed the
dose-dependent destabilization of the IL-1b mRNA (Fig. 7D).
A similar dose-dependent restoration of the ARE-binding ac-
tivity occurred following genistein treatment (data not shown).
These results suggest that the rapid adhesion-dependent sta-
bilization of GRO and IL-1b transcripts as well as the rapid
change in the size of the ARE binding complexes a and b result
from phosphorylation-dependent events.
Adhesion-sensitive GROa ARE-binding complexes contain
the AUF1 protein. The AUF1 protein, purified from K562
cells, specifically binds c-myc and GM-CSF AREs and selec-
tively accelerates transcript degradation in vitro (6). To test the
hypothesis that the ARE recognition complexes contain
AUF1, we have used antibodies to AUF1 for detection of this
protein in the GROa ARE-binding assay employing cell ex-
tracts from nonadhered and adhered monocytes (Fig. 8A).
Addition of immune sera to the ARE-binding assay resulted in
the loss of complex a and the marked diminution of complex b
(Fig. 8, lane 2). Although the relative proportions of the a and
b complexes differed between the nonadhered and adhered
sample extracts, supershifting of complexes a and b was ob-
served, indicating that both of these complexes contained the
FIG. 5. (A) Binding to the GROa ARE is inhibited by the specific compet-
itor, cold GROa ARE fragment of RNA. Protein extracts and the 32P-labeled
GROa ARE RNA substrate were mixed simultaneously with a 2.5- or 5-fold
molar excess of unlabeled GROa ARE or GROa ORF RNA fragments or were
not mixed with a competitor (no comp). Nonadh, nonadhered monocytes; Adh,
adhered monocytes; 2, free probe. (B) The low-mobility GROa ARE RNA-
protein complexes (complexes a and b) are inhibited by the specific competitor
(unlabeled GROa ARE RNA) or by an (AUUU)5-containing fragment [b-glo-
bin 1 (AUUU)5] RNA. Protein extracts and the 32P-labeled 39 GROa ARE
substrate were mixed simultaneously with a 2.5-, 5-, 10-, or 20-fold molar excess
of unlabeled competitor GROa ARE fragment, b-globin plus (AUUU)5, or the
IL-1b UAUUUAUUUAUUUAUUUA ARE-containing fragment. The same
molar excesses of the nonspecific competitor (ORF fragment of GROa or
b-globin RNA without the AU sequence) were used as control probes. The
autoradiographs were scanned by soft-laser densitometry. The percent binding
(compared with no competitor) of the low-mobility bands (labeled a and b) are
plotted versus the molar excess of the competitor indicated on each curve. (C)
The adherence-independent high-mobility complex (complex c) is significantly
less sensitive to the competition by GROa ARE fragment or by an (AUUU)5-
containing fragment. The percent binding (compared with no competitor) of the
high-mobility band (c) is plotted versus the molar excess of the competitor
indicated to the right of each curve.
FIG. 6. (A) Deadherence of monocytes decreases transcript stability. After
30 min of incubation on plates coated with collagen, nonadherent cells were
rinsed off and adhered monocytes were removed from the plates by vigorous
washes with medium. Monocytes were subsequently incubated nonadherently
with actinomycin D (5 mg/ml) for the times indicated prior to collection of the
cells and isolation of the RNA for Northern analysis. Adh, adherent monocytes;
Deadh, deadhered monocytes. (B) Deadherence of monocytes reactivates
GROa ARE-binding activity. After deadherence, monocytes were subsequently
incubated nonadherently for an additional 30 min. Binding activity of the extract
from deadhered (Deadh) monocytes was compared to that of the extracts from
collagen-adherent (Adh) and -nonadhered (Nonadh) monocytes. 2, free probe.
3902 SIRENKO ET AL. MOL. CELL. BIOL.
AUF1 protein. In contrast, neither the amount nor position of
complex c was influenced by treatment with anti-AUF1. These
data suggest that adherence-dependent GRO ARE-binding
activity is predominantly due to AUF1-containing complexes.
ARE complexes formed with recombined AUF1 migrated with
a mobility closer to that of the free probe (Fig. 8B), indicating
that bands a and b are likely to represent larger complexes of
different proteins in association with AUF1. We conclude that
the ARE recognition signified by bands a and b results from
the binding of different component proteins with the RNA
recognition function of AUF1.
DISCUSSION
Extravazation of monocytes into sites of infection and tissue
repair is dependent upon the adhesive recognition of alter-
ations on the surface of vascular cells. Adhesion of monocytes
subsequently results in transcriptional activation of numerous
genes associated with initiation of the inflammatory cascade
(15, 20, 21, 30, 42). Maximal nuclear run-on activity occurs
within 5 to 10 min, and maximal activation of at least six
transcription factors associated with the IL-1b promoter/en-
hancer (including NF-kB, NF–IL-6, and AP-1) also occurs
within 5 to 10 min (30, 32). Although six- to eightfold increases
in nuclear run-on activity are observed, these are insufficient to
account for the $50-fold increases in cytokine gene expression
observed following monocyte adherence (30, 42). Posttran-
scriptional stabilization plays an important role in this robust
response, but little is known of the factors, including transla-
tion, which regulate mRNA stabilization in monocytes. While
monocyte adherence is sufficient for priming transcription of
numerous cytokine and growth-associated genes, few are trans-
lated and ultimately secreted or released (15, 20, 51).
GRO and IL-1b mRNAs are highly labile in nonadhered
monocytes but stabilize rapidly after adherence. To determine
the trans factors associated with mRNA degradation, we car-
ried out mobility gel shift analyses using a series of RNA
probes encompassing the entire GROa transcript. Examina-
tion of these fragments demonstrated that stable RNA-protein
complexes were formed only with the A1U-rich region of the
39 UTR. Our studies indicate the presence of three RNA-
FIG. 7. Destabilization of cytokine mRNAs and GROa ARE binding activity
are regulated by tyrosine phosphorylation. (A) Monocytes were preincubated
with genistein (40 mM) for 20 min nonadherently and then adherently on plastic
for 30 min. Actinomycin D (5 mg/ml) was added, and the cells were incubated for
the times indicated prior to collection of the cells and isolation of the RNA for
Northern analysis. (B) Monocytes were preincubated with the p38 MAP kinase
inhibitor SK&F 86002 (20 mM) and then processed as described for panel A. (C)
Monocytes were preincubated with different concentrations of SK&F 86002
nonadherently (Nonadh) for 20 min, and then cells were incubated adherently
(Adh) on plastic for 30 min. Monocyte cytosolic extracts were tested for mobility
shift activity. 2, free probe. (D) Cultures parallel to those shown in panel C were
examined for IL-1b mRNA stability as described above, except that following 30
min of adherence the cells were treated with 5 mM actinomycin D for 60 min
prior to RNA analysis.
FIG. 8. (A) GROa ARE-binding complexes are supershifted by antibodies
to AUF1. A mobility shift assay was performed with cytosolic extracts from
nonadhered (Nonadh) or adhered (Adh) monocytes in which antibody to AUF1
(I) was added to the reaction mixture (1:20 dilution). Reactions containing the
same amount of preimmune serum (P) were used as a control. A supershift
occurred only with bands a and b present in the nonadherent extract and band
b in the adhered sample. 2, free probe. (B) Mobility shift activity of recombinant
AUF1. Mobility shift assays were performed with 10 ng of recombinant AUF1
protein (AUF1) or 0.5 mg of nonadherent (Nonadh) or adherent (Adh) extract.
2, free probe.
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protein complexes (complexes a, b, and c) in mobility shift
assays with extracts of nonadhered monocytes. All three are
specific, although the higher-mobility complex c required
higher concentrations of unlabeled specific probe for complete
inhibition of binding to occur. Although mutation analyses
have not been carried out to confirm that the GROa ARE is
the principal site of binding, competitor studies confirmed that
the binding was specific and due to AUUUA repeats. As ex-
pected from the similar AREs present in GROa and IL-1b,
binding specificity was shared between these RNAs.
AUF1, a protein which has been shown to selectively recog-
nize AREs and facilitate mRNA degradation (6, 14, 16, 35, 47,
52), appears to be a component of the adherence-dependent
complexes a and b. Antisera specific to AUF1 both depleted
the overall amount of gel shift activity and resulted in the
appearance of a supershifted band. The supershifted compo-
nent may be the unresolved complex of both complex a and b,
or it may represent selective supershifting of only one of the
complexes and precipitation (and therefore loss) of the other
component. The compositions of complexes a and b have not
been characterized. All three complexes also migrate in native
gels more slowly than the complex formed with recombinant
AUF. It is probable that ARE-binding activity detects a com-
plex of proteins only, one of which is AUF1 (52). We are
currently investigating the possibility that the more rapidly
migrating complex b is derived from the loss of one or more
proteins from complex a.
Complex c appears not to contain AUF1. We have not yet
identified the proteins forming this complex. They could be, for
example, heterogeneous nuclear ribonucleoproteins (hnRNPs)
(19, 48) or the AUBF protein (36). These proteins could pos-
sibly interact with AUF1 or compete with AUF1 for ARE
binding. While AUF1 is implicated in destabilizing mRNA,
other ARE-binding proteins such as AUBF, which have been
identified in leukocytes, facilitate transcript stabilization (36).
Rajagopalan and Malter have suggested that since both pro-
teins are associated with polysomes and bind A1U-rich se-
quences, displacement of AUF1 by AUBF would stabilize
ARE-containing transcripts (36).
In this work we describe a rapid and profound adhesion-
dependent alteration in both IL-1b and GRO transcript sta-
bility as well as the binding activity of an AUF1 containing
ARE recognition protein-RNA complexes. Several groups
have examined changes in AUF1 resulting from developmental
or receptor-mediated events. For example, stimulation of
b-adrenergic receptors results in a modest increase in AUF1
protein within 24 to 48 h in smooth muscle cells that correlates
with a decrease in stability of the b-adrenergic receptor mRNA
(35). Additionally, Buzby et al. (9) have investigated the rela-
tionship between GM-CSF mRNA turnover and AUF1 pro-
tein levels in cord and adult blood mononuclear cells. Anti-
AUF1 supershifted complex levels were markedly higher in
cord blood mononuclear cells compared to adult mononuclear
cells, and as anticipated, inversely correlated with more rapid
turnover of GM-CSF mRNA in mononuclear cells from cord
blood.
In the present study, we have examined the possible mRNA-
protein interactions in detail for GROa and to a lesser extent
for IL-1b. Gel shift studies employing the complete IL-1b 39
UTR region, indicate a similar three-complex pattern as seen
with GROa (data not shown). Cold competition experiments
also indicate that the IL-1b transcript contains binding motifs
similar to those of GROa. Therefore, we feel confident that
discussion of transcript instability of IL-1b with that of GROa
is justified based upon the RNA-protein binding data as well as
the similarity in stabilization-destabilization associations ob-
served and summarized in Fig. 9.
Stabilization of some cytokines and protooncogenes does
not result from adherence. As shown in Fig. 1, transcripts for
c-fos and TNF-a (data not shown) are not stable in adhered
monocytes. Thus, the features responsible for mRNA degra-
dation are more profound than loss or gain of an ARE-binding
factor and therefore AREs are in themselves not always suffi-
cient for the high degree of posttranscriptional regulation re-
quired (11). For example, c-fos and c-myc mRNAs can be
destabilized in the same cell in which cytokine transcripts are
stabilized (for reviews, see references 11 and 37). It is apparent
that mRNA stability may be determined by many different
elements. These include the cap structure, 59 UTR secondary
structures, the presence of premature termination codons, and
the actual ORF sequence as well as the ARE and the poly(A)
tail. Examples of ARE-containing rapid response genes which
utilize either additional 39 UTR or ORF sequences to regulate
mRNA instability include TNF-a (22), GM-CSF (4), c-fos (41,
50), and c-myc (27). In addition, the factors which recognize
these mRNAs may also vary with the cell type. For example, a
35-kDa protein binds to the A1U-rich domain of TNF-a in
primary rat astrocytes (23) while in murine macrophages a
series of complexes containing 48- to 150-kDa proteins has
been identified (22). While we do not have direct evidence that
the 39 UTR alone controls mRNA stability of GROa and
IL-1b, we were unable to detect complexes with the ORF
region of GROa under conditions similar to those under which
binding to the TNF-a ORF has been described (22).
Considerable evidence supports the concept that transla-
tional initiation, if not complete ribosomal transit, is required
for mRNA degradation (13, 27, 29, 44). This hypothesis may
not hold for monocytes. Although we have not directly exam-
ined the efficiency of the translation process in the present
investigation, we have previously demonstrated that cytokines
such as IL-1b are not translated following adhesion (30). In
contrast, translation does result from integrin engagement of
FIG. 9. Summary of stabilization-destabilization associations observed in this
study. Arrows pointing up and down represent increases and decreases, respec-
tively.
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nonadhered cells in which the IL-1b mRNA is unstable (51).
These data suggest that translation might be directly associated
with transcript instability in monocytes. However, there are
two observations that suggest otherwise. First, we have previ-
ously reported that IL-1b transcripts are not apparently stabi-
lized following inhibition of protein synthesis with puromycin
(30). Second, in the present study we have investigated the
influence of a novel p38 MAP kinase inhibitor of IL-1b and
TNF-a translation in monocytes and monocytic cell lines (28).
Following exposure to the SK&F 86002 inhibitor (Fig. 8), both
IL-1b and GRO mRNA were destabilized in a dose-dependent
manner. An additional exception to this theory of translation
resulting in transcript destabilization is TNF-a. This ARE-
containing cytokine mRNA is neither stabilized nor constitu-
tively translated in adherent monocytes (29a). In contrast, the
non-ARE-containing transcripts for IkBa are unstable, consti-
tutively translated, and superinduced by puromycin exposure
(30). The monocyte model more closely resembles that of
Xenopus oocytes reported on earlier by Kruys et al. (24, 25). In
these studies, the authors were able to demonstrate that trans-
lational repression was dependent upon A1U-rich sequences
in a cell type that failed to degrade otherwise unstable
mRNAs. It is thus apparent that A1U-rich sequences may
independently regulate both translation and mRNA instability
and that for a given cell type or stage of activation degradation
need not be a consequence of translation.
Direct evidence for the role of AUF1 in mRNA destabili-
zation will be difficult to obtain in monocytes because of the
nonproliferative status of these cells. While studies are in
progress to assess the THP-1 promonocyte model as an alter-
native system which is compatible with transfection ap-
proaches, it is known that adhesion initiates a unique pattern
of tyrosine phosphorylation events in THP-1 cells compared to
the freshly isolated monocytes employed in these studies. This
includes both phosphorylation of focal adhesion kinase (FAK),
syk, and paxillin which are either absent in monocytes (FAK)
or not phosphorylated in human peripheral blood monocytes
(29).
Our correlative approach supports the hypothesis that
AUF1 is responsible, in part, for regulation of mRNA decay in
monocytes. The results supporting this concept are summa-
rized in Fig. 9. In each case, a change in mRNA stability is
accompanied by a reciprocal change in ARE-binding activity.
For example, the rapid and selective alterations of binding
exhibited by the lower-mobility complexes (complexes a and b)
in response to adherence are accompanied by a rapid stabili-
zation of GRO and IL-1b transcripts. In contrast, integrin
cross-linking in suspended cells gives equivalent gene induc-
tion but fails to stabilize the transcripts or reduce ARE-binding
activity (data not shown and reference 30). Deadherence of
monocytes which express stable mRNAs for these cytokines
results in the immediate destabilization of the mRNA accom-
panied by a restoration in ARE-binding activity (bands a and
b). Of particular importance are the effects of the p38 MAP
kinase inhibitor (SK&F 86002), the MEK inhibitor PD 98059,
and the tyrosine kinase inhibitor genistein. Exposure to these
inhibitors resulted in transcript destabilization and recurrence
of ARE mobility shift activity. All of these experiments present
strong correlative evidence that AUF1 is part of the critical
binding complex regulating destabilization of these cytokines
in monocytes. It will be important to determine if the phos-
phorylation events reflected in these studies indicate that dif-
ferent components of the ARE recognition complex are reg-
ulated by distinct phosphorylation pathways which influence
binding to and/or association with AUF1.
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